The results are very promising for a next generation of SQUID systems with simplified read-out.
I. INTRODUCTION
Present DC SQUIDs based on non-hysteretic shunted tunnel junctions [l] suffer from a relatively low flux-voltage transfer SV/S@, which is typically of the order of 100 pV/m0. Impedance matching at 4.2 K and ac flux modulation are necessary to reduce the deterioration of the sensitivity of the SQUID system by the input noise of the room temperature electronics. Sophisticated electronics is needed for read-out of the SQUID signal [2] .
A Relaxation Oscillation SQUID (ROS) based on unshunted tunnel junctions offers the possibility to reduce the complexity of the read-out electronics, because large flux to voltage transfer coefficients can be achieved [3, 4] . We have fabricated integrated ROSs based on Nb/AlO, tunnel junctions. By numerical simulations the minimum and maximum values of the shunt inductance of the ROS have been calculated at different values of the shunt resistance. We aimed at the fabrication of ROSs with a sufficiently large SQUID inductance and a flux to voltage transfer of at least 1 mV/@,. In SQUID systems based on such a ROS a matching transforThese investigations in the program of the Foundation for Fundamental Research on Matter (FOM) have been supported (in part) by the Netherlands Technology Foundation (SnV).
mer and flux modulation would not be necessary.
We also present the results on a Double Relaxation Oscillation SQUID (DROS) based on two hysteretic SQUIDs. The maximum flux to voltage transfer of DROSs is expected to be more than one order of magnitude larger than the maximum transfer of ROSs.
THEORY
A schematic overview of a ROS is shown in fig. 1 . A hysteretic SQUID with a maximum critical current 21, is shunted by an inductor L and a resistor R. If the bias current 1, is larger than the critical current IC(@), relaxation oscillations can occur if is smaller than the gap voltage V of the junctions 
In fig. 2 a DROS is shown schematically. Two hysteretic SQUIDs in series are shunted by a resistor and an inductor. @, is the signal flux.
The critical current Ic2 can be adjusted by m2. where @Jf) is the flux noise spectral density of the SQUID and B is the bandwidth.
OPERATION RANGE
In a ROS the relaxation oscillations can stop if V = I,.R = V,. The ROS can be locked to this stable situation during switching from V, to 0 V, which is therefore the critical phase of the oscillations. In ref. 6 it is shown that a tunnel junction will switch back to state if the (dc) bias current is a minimum value L. So, if the and the bias current are small enough to fu the condition Il(Vo) < 2L, the ROS will always switch to the zero-voltage state, independent of the shunt inductance and the relaxation oscillations will not stop. The voltage output of such a ROS would be comparable to standard DC SQUIDS.
Since we aim at much higher flux-voltage transfers, we are interested in > 2L. In this case, relaxation only occur if the shunt induct specific minimum and max relaxation oscillations of a simulated numerically in order to operation range. The tunnel described by the RSJ model quasi particle resistance. The junction specific capacitance is 0.03 pF/pm [7].
The simulations showed that the operation range with respect to L becomes larger if the critical current density of the junctions increases. This is related to the at higher current densities . between I2 and the SQUID, the flux at which the The hysteretic SQUIDS are of square washer maximum voltage is obtained shifts with changing type, with a single turn input coil on top [9]. bias current. The asymmetric @-V curves can be The shunt inductors consist of two stacked explained by this coupling as well. multi-turn coils as shown in fig. 3 . The coils
The dashed lines in fig. 4 are theoretical are separated by 350 nm of SiO,, except for their curves describing the non-oscillating state with central tums, which are in contact. The line V = V,, and the oscillating state with minimum width of the tums is 5 pm, the overlap between and maximum critical current (eq. 1-3). The the tums is about 0.5 pm. The iqductance of the parameters obtained from the theoretical fit are coils is expected to be L = 1.25n pod, where d is I, ax = 130 PA, ICmh = 74 pA, R = 4.7 a, the width of the central hole and n is the total <= 2.75 mV, and tc = 0.03.L/R. These values number of turns [9] . In this way planar inductors agree very well with the expected values except with small parasitic capacitance can be made. The for the maximum critical current which is higher inductors are located at maximum distance from than intended. the SQUIDs (1-1.2 mm) to minimize the magnetic In ROSS with a higher shunt resistance the coupling with the SQUID. Apparently, even steeper slopes 6V/6@ will be measured in a less noisy environment.
